The organic cation transporter, OCT1, is a major hepatic transporter that mediates the uptake of many organic cations from the blood into the liver where the compounds may be metabolized or secreted into the bile. Because OCT1 interacts with a variety of structurally diverse organic cations, including clinically used drugs as well as toxic substances (e.g., N-methylpyridinium, MPP ؉ ), it is an important determinant of systemic exposure to many xenobiotics. To understand the genetic basis of extensive interindividual differences in xenobiotic disposition, we functionally characterized 15 protein-altering variants of the human liver organic cation transporter, OCT1, in Xenopus oocytes. All variants that reduced or eliminated function (OCT1-R61C, OCT1-P341L, OCT1-G220V, OCT1-G401S, and OCT1-G465R) altered evolutionarily conserved amino acid residues. In general, variants with decreased function had amino acid substitutions that resulted in more radical chemical changes (higher Grantham values) and were less evolutionarily favorable (lower BLOSUM62 values) than variants that maintained function. A variant with increased function (OCT1-S14F) changed an amino acid residue such that the human protein matched the consensus of the OCT1 mammalian orthologs. Our results indicate that changes at evolutionarily conserved positions of OCT1 are strong predictors of decreased function and suggest that a combination of evolutionary conservation and chemical change might be a stronger predictor of function.
I
nterindividual differences in response to xenobiotics, which include many clinically used drugs, are extensive and represent a major problem in rational therapeutics. Such differences in many cases may be caused by inherited differences in enzymes and transporters which function in drug elimination in the liver (1) . The organic cation transporter, OCT1, is a major transporter located in the sinusoidal membrane of the liver that mediates the uptake of many organic cations from the blood into hepatocytes. These organic cations include clinically used drugs (e.g., metformin), endogenous compounds (e.g., dopamine), as well as toxic substances (e.g., MPP ϩ ) (2-6). Although rare mutations in liver transporters (e.g., MRP2 and BSEP) have been associated with Mendelian diseases such as Dubin-Johnson syndrome (7) (8) (9) , little is known about the contribution of common variants of these transporters to variation in hepatic drug disposition and disease.
To understand the genetic basis of extensive interindividual differences in xenobiotic disposition, we have screened for variants in 24 different membrane transporters, including OCT1, in 247 ethnically diverse DNA samples (10) . Genetic variants of OCT1 identified in the screening study include 14 nonsynonymous single-nucleotide polymorphisms (SNPs), and one 3-bp deletion that leads to deletion of a methionine residue. In the companion paper, we used allele frequency distributions to assess two predictors of function, evolutionary conservation among close orthologs and chemical relatedness (10) . Here we experimentally evaluate these predictors by characterizing the function of the 15 protein-altering variants of OCT1.
Materials and Methods

Construction of Variants and Functional Characterization in Oocytes.
OCT1 cDNA with the reference sequence (GenBank accession nos. U77086 and NM003057) was subcloned into expression vectors pEXO and pEGFP. The Stratagene QuikChange sitedirected mutagenesis kit was used to construct mutant cDNA following the manufacturer's protocols. The variants were confirmed by DNA sequencing. Healthy stage V and VI Xenopus laevis oocytes were injected with 50 nl of diethylpyrocarbonatetreated water or 25 ng of capped cRNA transcribed in vitro with T7 RNA polymerase (mCAP RNA Capping kit; Stratagene) from SpeI-linearized pEXO plasmids containing the reference or mutant OCT1 cDNA inserts. Before injection, an aliquot of the cRNA was run on an agarose gel to verify that it was not degraded; RNA concentrations were determined by spectrophotometry. The injected oocytes were maintained in modified Barth's solution at 18°C before uptake studies. Uptake experiments with the injected oocytes were conducted 2-4 days after injection as described (4) . Groups of seven to nine oocytes were incubated in buffer containing 0.1 M **To whom correspondence should be addressed. E-mail: kmg@itsa.ucsf.edu.
1 Ci ϭ 37 GBq) at room temperature for 1 h. Uptake was stopped by washing the oocytes five times with 3 ml of ice-cold Na ϩ buffer. Oocytes were then lysed individually with 100 l of 10% SDS, and the radioactivity associated with each oocyte determined. For kinetic and inhibition studies, unlabeled substrate or inhibitors were added to the incubation mixture as needed. Each data point was determined in duplicate or triplicate for each experiment unless indicated. Data are presented as mean Ϯ standard deviation unless indicated. All experiments were repeated at least once using different batches of oocytes or different cell passages. Water-injected oocytes and oocytes injected with reference OCT1 RNA served as controls within each batch of oocytes.
Cell Culture and Stable Transfection. Madin-Darby canine kidney cells (passages 10-40) were maintained in MEM Eagle's with Earle's balanced salt solution supplemented with 100 units͞ml penicillin, 100 g͞ml streptomycin, and 10% (vol͞vol) FBS in 5% CO 2 ͞95% air. Cells were transfected with pEGFP plasmids containing the reference or mutant hOCT1 cDNA inserts, or empty vector by Effectene Transfection Reagent following the manufacture's protocols (Qiagen, Valencia, CA). Three days after transfection, stable clones were selected in media containing 0.7 mg͞ml G418. After 10-14 days, individual stable clones were isolated and positive clones were further selected by immunocytochemistry. For subsequent transport studies, cells were polarized by growth on Transwell filters (0.4-m pore size, 12-well plate, Costar, Cambridge, MA) at a confluent density for 7 days with regular media changes as described elsewhere (11) .
Confocal Microscopy. Madin-Darby canine kidney cells grown on filters for 7 days as stated above were fixed with 4% paraformaldehyde, permeablized with 0.025 (wt͞vol) saponin in PBS, stained with Texas-red-conjugated phalloidin for visualization of actin, and mounted on slides in Vectashield mounting medium.
Samples were analyzed by using a Bio-Rad MRC-1024 confocal microscope.
Results and Discussion
Functional Activity of hOCT1 Variants. The 15 protein variants identified by Leabman et al. (10) in an ethnically diverse sample have changes in both loops (nine variants) and transmembrane domains (six variants) of OCT1 (Fig. 1) . Of the 14 substitution variants of OCT1, we observed that five exhibited decreased function (OCT1-R61C, OCT1-G220V, OCT1-P341L, OCT1-G401S, and OCT1-G465R) and one had increased function (OCT1-S14F) ( Table 1 , Fig. 2A ). MPP ϩ uptake was restored to normal levels after the variant sequences were changed to the reference sequence by site-directed mutagenesis (Fig. 2B ), demonstrating that these amino acid changes were responsible for the altered activities. A recent screen for OCT1 variants in a European American population (n ϭ 57) identified three variants with decreased function, OCT1-R61C and OCT1-G401S, which were also found in our study, and OCT1-C88R, a rare variant, which was not (12) . The basis for the functional defects was identified for three of the variants. The two variants with reduced function (OCT1-R61C and OCT1-P341L) had an increased K m (88.7 and 24.7 M, respectively, compared with 13.9 M for the reference OCT1; data not shown) and a reduced V max (10.0 pmol per oocyte per h and 10.4 pmol per oocyte per h, respectively, compared with 18.4 pmol per oocyte per h for the reference OCT1; data not shown). The nonfunctional variant, OCT1-G465R, tagged with GFP, exhibited reduced localization at the basolateral surface whereas the reference OCT1 and OCT1-R488M, a variant that retained function, were localized to the basolateral membrane ( Fig. 3) (13) . It is striking that all three of the nonfunctional variants altered evolutionarily conserved glycine residues, suggesting that these residues in OCT1 may be particularly important for function ( OCT2 and OCT3; the other (at position 220) is present in OCT2 only, further suggesting the importance of these glycine residues in function of organic cation transporters.
We next examined the phenotype of haplotypes containing two nonsynonymous changes and measured their MPP ϩ uptake (Fig. 2C) . M408V had an allele frequency of 68.2% in the 494 chromosomes and often occurred with other nonsynonymous mutations in haplotypes identified in this study (14) . Thus, the phenotype of variants with two alterations (M408V and each of the other 14 aa changes) was examined. These doubly altered variants exhibited phenotypes like those of the 14 variants with the single amino acid changes; in other words, M408V did not alter function. We also examined the activity of a variant OCT1-F160L G401S, which occurs in a predicted haplotype. Like OCT1-G401S, OCT1-F160L G401S exhibited no MPP ϩ uptake.
Strikingly, OCT1-S14F displayed increased MPP ϩ uptake (Fig. 2 A) which was reversed when the variant phenylalanine was restored to serine. Kinetic studies revealed that OCT1-S14F had a somewhat lower K m (8.2 M) and higher V max (25.5 pmol͞ oocyte͞hr) than the reference OCT1 (although the difference was not statistically significant). The ratio of V max to K m for OCT1-S14F was Ϸ2-fold greater than for the reference. Amino acid variants with increased activity are observed infrequently but are of biological interest because they provide information about residues that govern protein activity and perhaps specificity. The phenylalanine residue at codon 14 is highly conserved among mammalian orthologs of OCT1, including rat, rabbit, mouse, and chimpanzee (Fig. 5) , and is also found at the corresponding position in human OCT2 and OCT3. The human S14F variant, found exclusively in the African American population sample (at 3.1% allele frequency), restores evolutionary conservation at this position. Prior functional studies with human OCT1 have shown that it has lower transport activity than rat, rabbit, and mouse orthologs (15) . Whether the phenylalanine residue in the rat, rabbit or mouse OCT1 that corresponds to human position 14 contributes to their increased activity relative to human OCT1 remains to be determined. These observations suggest that high OCT1 activity may be less optimal for fitness of humans than for other mammals. Of the 155 nonsynonymous variants identified by Leabman et al., a total of eight in addition to OCT1-S14F changed the human protein to match the consensus of the other mammalian orthologs (10). It will be interesting to see whether they also affect transporter activity, in particular, whether they increase activity.
Prediction of Function by Evolutionary Conservation and Chemical
Change. One important reason for developing algorithms and criteria to predict the function of nonsynonymous variants is that it informs the choice of which SNPs to choose for genetic association studies. We have therefore evaluated the changes in OCT1 variants by different criteria (chemical change, evolutionary conservation, and amino acid substitution scoring matrices such as BLOSUM62 and SIFT) (16, 17) . In general, the variants with decreased function had larger chemical changes (greater Grantham values) than variants that did not reduce function (Table 1 ; Fig. 4A ), suggesting that the nature of the amino acid change may be a useful predictor of function (18) . Variants that exhibited decreased function are indicated in bold. NA, not available. *Positions are relative to the ATG start site and are based on the cDNA sequence from GenBank accession no. NM003057. Changes shown in bold result in decreased function (as measured by MPP ϩ uptake) compared to the reference OCT1. † Some samples contained amplicons that could not be sequenced. Allele frequencies were based on actual DNA samples sequenced. Total, entire sample; AA, African American; EA, European American; AS, Asian American; ME, Mexican American; PA, Pacific Islander; n is the number of chromosomes. ‡ ϩϩ, increased function relative to the reference OCT1; ϩ, function similar to that of reference OCT1; ϩ͞Ϫ, reduced function; Ϫ, no function. § (GV 61) and observed that it exhibited normal activity (data not shown), indicating that radical change at this position is responsible for reduced function. The evolutionary conservation of G401 and the low Grantham value of the G401S variant suggest that this position has a particularly stringent requirement for glycine.
The analysis presented by Leabman et al. showed that evolutionary conservation is a strong predictor of allele frequency, indicating that substitutions at evolutionarily conserved (EC) positions are more deleterious than those at evolutionarily unconserved (EU) positions (10) . Our analysis of the 14 amino acid substitution variants of OCT1 made it possible to determine whether this prediction is experimentally validated. As before, we defined EC residues as those that were identical in all members of a set of mammalian OCT1 orthologs; EU residues are those in which there is not a consensus (10) . Five of eight variants that affected evolutionarily conserved residues exhibited decreased function whereas none of the six variants that altered evolutionarily unconserved residues decreased function ( Table 1, 2 ϭ 5.83, P Ͻ 0.05). BLOSUM62, an amino acid substitution matrix, is derived from amino acid changes in an unselected protein set (17) and has been used to infer protein function (19) . BLOSUM62 scores of nonsynonymous SNPs did not predict allele frequency distribution and therefore were not indicators of function for the set of 24 transporters taken as a whole (10) . To experimentally determine whether BLOSUM62 values predicted function for OCT1 variants, we compared BLOSUM62 values for the variants with decreased function with those for the variants that retained function. We observed that the values for the decreased-function variants were significantly more negative (evolutionarily unfavorable) than values for the variants that retained function (Fig. 4B) . In particular, six of seven variants with non-negative BLOSUM62 scores (deemed evolutionarily acceptable) exhibited normal OCT1 function. The relationship between negative BLOSUM62 scores was less apparent: four of seven variants with negative BLOSUM62 scores exhibited reduced activity, two exhibited normal activity, and one exhibited increased activity. Overall, these observations on OCT1 support the use of BLOSUM62 scores to predict protein function (10, 19) .
SIFT is an algorithm that assigns scores to amino acid changes using alignments of orthologs of the protein of interest (16) . Because SIFT incorporates phylogenetic information specific to OCT1, we anticipated that it might be a particularly strong predictor of function of the OCT1 variants. We did not, however, detect a significant difference in the SIFT scores of the variants with decreased function and the variants that retained function. The poor correlation between SIFT score and function resulted primarily from the fact that three variants with alterations at evolutionarily conserved positions, which were assigned a SIFT score of 0 (indicating functional intolerance), exhibited normal function. It is notable that of these three variants, two had only modest chemical changes: OCT1-F160L and OCT1-M440I had Grantham values of 22 and 10, respectively. One other variant (OCT1-L85F) was also assigned a SIFT score of 0 and exhibited normal function. It, too, had a low Grantham value (Grantham value was 22). Leabman et al. also noted that alleles present at high frequency that altered evolutionarily conserved residues have low Grantham values, indicating that this change was tolerated even though it affects an evolutionarily conserved residue (10). Our observations on OCT1 reinforce the proposal of Leabman et al. that combining evolutionary conservation (e.g., SIFT) with Grantham values may be particularly useful for optimizing algorithms to predict function.
Relationship Between Allele Frequency and Functional Activity of OCT1 Variants. The two most common variants of OCT1, OCT1-M408V and OCT1-M420del (which have allele frequencies Ͼ10%; Table 1 ), both exhibited normal function, consistent with the premise that common variants are less likely to exhibit altered function than are rare variants. A similar trend was observed in our recent study of natural variants of OCT2, in which the most common nonsynonymous variant, OCT2-A270S, exhibited transport properties similar to that of the reference OCT2 (20) . In contrast, all three nonfunctional variants of OCT1 were present at overall allele frequencies of Ͻ2% (Table 1) . It is worth noting, however, that two of these variants exhibited frequencies of 1.1% and 4% in European Americans and that the two variants with reduced function were present at substantial frequencies, 7.2% in European Americans (R61C) and 8.2% in African Americans (P341L).
Possible Consequences of Variation in OCT1.
The high variability of OCT1 may have implications both for human disease and drug response, given that the transporter interacts with a variety of structurally diverse compounds and controls access to drug metabolizing enzymes in the liver (2-6). Genetic variation in OCT1 could also contribute to neurodegenerative diseases because OCT1 appears to govern hepatic uptake and elimination of 1-methy-4-phenyl-1,2,3,6-tetrahydropy ridine (MPTP), which is responsible for a Parkinsonian syndrome (21, 22) . Reduced-activity variants of OCT1 may lead to enhanced exposure to endogenous and environmental toxins and contribute to neurodegenerative disease. Variation in OCT1 may inf luence drug response by altering hepatic drug clearance. Dramatic differences in the liver distribution of the anticancer drug MIBG and the antidiabetic drug metformin have been observed in Oct1 knockout mice compared with wild-type mice (23, 24) . Given that OCT1 is primarily expressed in the liver, we expect to see similar differences between normal individuals and those with variants that have reduced OCT1 function (4, 5). 
